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Organized  cellular  alignment  is  critical  to  controlling  tissue  microarchitecture  and  biological  function. 
Although  a  multitude  of  techniques  have  been  described  to  control  cellular  alignment  in  2D,  recapitu¬ 
lating  the  cellular  alignment  of  highly  organized  native  tissues  in  3D  engineered  tissues  remains 
a  challenge.  While  cellular  alignment  in  engineered  tissues  can  be  induced  through  the  use  of  external 
physical  stimuli,  there  are  few  simple  techniques  for  microscale  control  of  cell  behavior  that  are  largely 
cell-driven.  In  this  study  we  present  a  simple  and  direct  method  to  control  the  alignment  and  elongation 
of  fibroblasts,  myoblasts,  endothelial  cells  and  cardiac  stem  cells  encapsulated  in  microengineered  3D 
gelatin  methacrylate  (GelMA)  hydrogels,  demonstrating  that  cells  with  the  intrinsic  potential  to  form 
aligned  tissues  in  vivo  will  self-organize  into  functional  tissues  in  vitro  if  confined  in  the  appropriate  3D 
microarchitecture.  The  presented  system  may  be  used  as  an  in  vitro  model  for  investigating  cell  and 
tissue  morphogenesis  in  3D,  as  well  as  for  creating  tissue  constructs  with  microscale  control  of  3D 
cellular  alignment  and  elongation,  that  could  have  great  potential  for  the  engineering  of  functional 
tissues  with  aligned  cells  and  anisotropic  function. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Controlled  cellular  alignment  plays  a  crucial  role  in  the  micro¬ 
architecture  of  many  human  tissues,  dictating  their  biological  and 
mechanical  function.  For  example  in  native  myocardial  tissue,  the 
complex  organization  of  cardiomyocytes  and  fibroblasts  within  the 
cardiac  extracellular  matrix  (ECM)  is  critical  to  the  electrical  and 
mechanical  properties  of  the  heart  [1],  Musculoskeletal  tissue  is 
similarly  organized,  with  myoblasts  forming  highly  aligned  muscle 
fibers  through  fusion  into  multi-nucleated  myotubes  [2],  This 
specific  arrangement  of  differentiated  myocytes  within  the 
musculoskeletal  ECM  is  essential  for  the  generation  of  contractile 
force.  In  a  broad  range  of  additional  tissues  of  the  human  body, 
from  the  vasculature  [3]  to  connective  tissue  [4],  tissue  function  is 
also  dictated  by  cellular  organization.  Thus,  to  effectively  study  and 
replicate  the  biological  function  of  many  native  tissues  in  vivo, 
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engineered  tissues  must  recapitulate  these  native  3D  microstruc¬ 
tures  in  vitro. 

Engineered  tissue  constructs  are  typically  generated  by  embed¬ 
ding  cells  in  synthetic  or  biological  3D  scaffolds  [5].  However,  in 
previous  studies,  the  inability  to  precisely  control  cell  behavior  has 
often  resulted  in  poor  cell  and  ECM  organization  within  engineered 
constructs.  Such  tissue  constructs  had  limited  ability  to  recreate 
complex  tissues  characterized  by  precise  cell  and  ECM  alignment. 
Microscale  technologies  have  been  successfully  integrated  into 
many  tissue  engineering  applications  and  have  allowed  for 
enhanced  control  of  cell  behavior  and  function  through  control  of 
the  cellular  microenvironment  [6],  Many  critical  components  of  the 
cellular  microarchitecture,  such  as  cell  elongation  [7,8],  cell  differ¬ 
entiation  [9,10],  cell— cell  contacts  and  signaling  [11,12],  can  all  be 
modulated  through  control  of  the  microenvironment.  The  combi¬ 
nation  of  microengineering  with  hydrogels  having  tunable  cell 
responsivity,  mechanical  stiffness,  and  microarchitecture,  has 
enabled  a  whole  new  range  of  complementary  applications  and 
model  systems  for  controlling  and  investigating  cell  behavior  [13]. 

Significant  research  has  been  directed  towards  controlling  the 
spatial  organization  of  cells  in  defined  microarchitectures.  A  multi¬ 
tude  of  techniques  have  been  described  to  control  2D  cellular 
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alignment  on  micro-  and  nanostructured  surfaces  produced  either  by 
chemical  or  topographic  patterning  [14—18].  Nonetheless,  surface 
patterns  or  channels  are  limited  to  inducing  cellular  alignment  in  2D. 
Controlling  the  organization  of  cells  within  a  3D  cell  population  in 
engineered  constructs  still  remains  a  major  challenge.  In  some  cases 
cellular  alignment  within  cell-laden  3D  scaffolds  has  been  induced 
through  mechanical  [19—21]  or  electrical  stimulation  [22—24], 
however  there  are  few  simple  options  to  recreate  complex  3D  cellular 
architectures  in  vitro  without  the  need  for  external  cell  stimuli.  One 
such  system  of  cell-laden  collagen  hydrogels  in  micromolded  poly- 
dimethylsiloxane  (PDMS)  channels  demonstrated  controlled  cell 
alignment  in  3D,  however  the  hydrogels  remained  confined  in  the 
PDMS  channels,  therefore  limiting  its  possible  applications  [25]. 
There  is  a  need  for  simple,  3D  systems  for  controlling  cellular  align¬ 
ment  on  the  microscale  without  the  need  for  external  stimulation  or 
guidance  systems  for  a  wide  range  of  applications  from  tissue  engi¬ 
neering  to  investigating  and  controlling  cellular  behaviors  such  as 
differentiation  and  function. 

In  this  work,  we  present  a  simple  and  direct  method  to  control 
cellular  organization  in  3D  using  cells  encapsulated  in  cell- 
responsive,  microengineered  hydrogels.  This  system  could  be  used 
as  an  in  vitro  model  for  investigating  cell  and  tissue  morphogenesis, 
or  could  form  the  basis  for  the  creation  of  complexly  organized 
engineered  tissues.  We  hypothesized  that  solely  through  precise 
control  of  the  microgeometry,  achieved  by  micropatterning  cell¬ 
laden  3D  gelatin  methacrylate  (GelMA)  hydrogels  into  high  aspect 
ratio  rectangular  constructs,  that  we  could  induce  controlled 
cellular  alignment  and  elongation  throughout  the  entire  engi¬ 
neered  construct.  The  described  system  is  applicable  to  many 
different  cell  types  and  can  be  used  to  engineer  tissue  constructs  of 
user-defined  size  and  shape  with  microscale  control  of  cellular 
organization,  which  could  form  the  basis  for  constructing  3D 
engineered  tissues  with  specific  elongation  and  alignment  in  vitro. 

2.  Materials  and  method 

2.1.  Materials 

The  chemicals  for  gelatin  methacrylate  (GelMA)  (Gelatin  (Type  A,  300  bloom 
from  porcine  skin)  and  methacrylic  anhydride),  pretreatment  of  glass  slides  ((3- 
trimethoxysilyl)  propyl  methacrylate  (TMSPMA)  and  polyethylene  glycol  diacrylate 
(PEG))  were  all  purchased  from  Sigma— Aldrich  (Wisconsin,  USA).  Glass  slides  and 
coverslips  were  purchased  from  Fisher  Scientific  (Pennsylvania,  USA).  Photolithog¬ 
raphy  printed  photomasks  were  purchased  from  CADart  (Washington,  USA),  while 
the  UV  light  source  (Omnicure  S2000)  was  purchased  from  EXFO  Photonic  Solutions 
Inc.  (Ontario,  Canada).  Digital  calipers  from  Marathon  Watch  Company  Ltd  (Ontario, 
Canada)  were  used  to  determine  the  thickness  of  the  spacers. 

2.2.  Gelatin  methacrylate  synthesis 

GelMA  was  synthesized  as  previously  described  [26—28].  A  “high"  degree  of 
methacrylation  was  achieved  by  using  20%  (v/v)  of  methacrylic  anhydride  in  the 
GelMA  synthesis  reaction  as  previously  demonstrated  [28].  Samples  were  then 
dialyzed  in  12—14  kDa  cutoff  dialysis  tubing  in  distilled  water  for  1  week  at  40  °C, 
and  subsequently  lyophilized  for  1  week. 

2.3.  Cell  culture 

All  cells  were  cultured  in  a  standard  cell  culture  incubator  (Forma  Scientific)  in 
a  5%  CO2  atmosphere  at  37  °C.  NIH  3T3-fibroblasts  were  maintained  in  Dulbecco’s 
modified  Eagle  medium  (DMEM;  Gibco)  supplemented  with  10%  fetal  bovine  serum 
(FBS),  1%  Penicillin/Streptomycin  (P/S)  and  were  passaged  twice  per  week.  Immor¬ 
talized,  GFP-expressing  human  umbilical  vein  endothelial  cells  (HUVEC)  were 
maintained  in  endothelial  basal  medium  (EBM-2;  Lonza)  supplemented  with 
endothelial  growth  BulletKit  (Lonza),  1%  P/S  and  were  passaged  when  60-70% 
confluence  was  reached  while  media  was  exchanged  every  2  days.  Immortalized 
rodent  myoblasts  (C2C12)  were  maintained  in  DMEM  supplemented  with  20%  FBS, 
1%  P/S,  1%  L-Glutamine  and  were  passaged  when  60—70%  confluence  was  reached. 
Cardiac  side  population  cells  (CSP)  were  received  at  passage  5  after  isolation 
(generous  gift  from  the  Ronglih  Liao  group),  maintained  in  a-modified  Eagle 
medium  (a-MEM)  supplemented  with  20%  FBS,  1%  P/S,  passaged  when  60—70% 
confluence  was  reached  and  were  used  at  passage  7  for  cell  encapsulation  studies. 


Immortalized  human  liver  carcinoma  cells  (Hep-G2)  were  maintained  in  DMEM 
supplemented  with  10%  FBS,  1%  P/S  and  were  passaged  twice  per  week. 

2.4.  Prepolymer  preparation 

GelMA  macromers  were  combined  with  DPBS  (Gibco)  and  0.5%  (w/v)  photo¬ 
initiator  (2-hydroxy-l  -(4-(hydroxyethoxy)  phenyl)-2-methyl-l  -propanone,  Irgacure 
2959,  CIBA  Chemicals),  incubated  at  80  °C  until  fully  dissolved  and  subsequently  used 
for  cell  encapsulation  studies.  PEG  (MW:  1000)  prepolymer  (20%  (w/v)  in  DPBS)  was 
used  to  coat  TMSPMA  treated  glass  slides  as  previously  described  [28]. 

2.5.  Cell  encapsulation  and  micropatterning 

Cell-laden  GelMA  hydrogels  were  micropatterned  onto  PEG  coated  glass  slides 
using  techniques  previously  demonstrated  [28].  Briefly,  10  pL  of  20%  (w/v)  PEG 
prepolymer  was  pipetted  between  a  TMSPMA  coated  glass  slide  and  an  untreated 
coverslip  (18  mm  (w)  x  18  mm  (1)),  then  exposed  to  6.9mW/cm2  UV  light 
(360—480  nm)  for  50  s.  Following  polymerization,  the  coverslip  was  removed  and 
PEG  coated  slides  were  used  for  cell-laden  GelMA  micropattern  formation  to 
prevent  cell  adhesion  to  the  slide  surface. 

For  encapsulation  studies,  cells  were  trypsinized,  counted  and  resuspended  in 
5%  (w/v)  GelMA  prepolymer  at  a  density  of  10  million  cells  per  mL.  One  droplet 
(40  pL)  of  the  prepolymer  cell  suspension  was  pipetted  between  a  PEG  coated  glass 
slide  and  an  untreated  coverslip  separated  by  150  pm  high  spacers.  The  photomask 
was  placed  directly  on  top  of  the  coverslip  prior  to  exposure  to  6.9  mW/cm2  UV  light 
(360—480  nm)  for  20  s.  Subsequently  the  coverslip  was  removed  and  the  remaining 
unpolymerized  prepolymer  cell  suspension  was  gently  washed  away  with  preheated 
DPBS.  Micropatterned,  cell-laden  hydrogels  were  cultured  for  up  to  one  week  in  6- 
well-plates  (Fisher  Scientific)  under  standard  culture  conditions,  using  the  specified 
media  for  each  cell  type,  with  the  media  exchanged  every  48  h.  To  visualize 
micropattern  fidelity  Rhodamine  B  (Fluka,  479.02  Da)  was  mixed  with  GelMA  pre¬ 
polymer  without  cells  at  a  concentration  of  0.2  mM  prior  to  UV  exposure  in  order  to 
produce  fluorescently-labeled  hydrogels. 

2.6.  Quantification  of  cellular  alignment  and  elongation 

After  5  days  in  culture,  cell-laden  hydrogels  were  formalin-fixed  and  stained 
with  phalloidin  (Alexa-Fluor  594,  Invitrogen)  and  DAPI  according  to  the  manufac¬ 
turers  instructions  to  visualize  filamentous  F-actin  and  cell  nuclei,  respectively. 
Whole  constructs  were  visualized  with  an  inverted  microscope  (Nikon  TE  2000-U, 
Nikon  instruments  inc.,  USA)  for  phase  contrast  images  and  a  confocal  microscope 
(Leica  SP5,  Leica  Microsystems,  Wetzlar,  Germany)  for  fluorescence  images.  The 
nuclear  shape  index  and  alignment  of  DAPI  stained  nuclei  were  measured  to 
quantitatively  evaluate  overall  cell  elongation  and  alignment  as  previously 
demonstrated  [29,30].  The  nuclear  alignment  angles,  defined  as  the  orientation  of 
the  major  elliptic  axis  of  individual  nuclei  with  respect  to  the  horizontal  axis,  were 
measured  using  built-in  functions  of  NIH  ImageJ  software.  All  nuclear  alignment 
angles  were  then  normalized  to  the  respective  preferred  nuclear  orientation  defined 
as  the  mean  orientation  of  all  nuclei  per  sample.  For  analysis,  alignment  angles  were 
subsequently  grouped  in  10°  increments  with  respect  to  the  preferred  nuclear 
orientation,  with  all  cells  within  less  then  10°  considered  to  be  aligned  as  previously 
described  [31].  Additionally,  the  shape  index  (circularity  =  4*7r*area/perimeter2)  of 
each  individual  cell  nucleus  determining  nuclear  elongation  was  evaluated  using 
built-in  functions  of  NIH  ImageJ  software,  with  a  shape  index  of  1  representing 
a  circle. 

2.7.  MMP  inhibition  and  MMP  activity  quantification 

To  suppress  the  enzymatic  activity  of  the  matrix  metalloproteinases  (MMPs) 
secreted  by  3T3-fibroblasts,  culture  media  was  supplemented  with  the  general  MMP 
inhibitor  doxycycline  at  a  concentration  of  400  pM.  Doxycycline  at  similar  concen¬ 
trations  has  previously  been  shown  to  inhibit  MMP  expression  and  activation 
without  significantly  affecting  cell  function  or  viability  [32,33].  The  quantity  of 
MMP-2  and  MMP-9  protein  in  media  was  determined  using  gelatin  zymography  as 
previously  described  [33,34].  Following  4  days  culture,  specimens  (25  pL)  from 
culture  media  of  the  cell-laden  microconstructs,  were  electrophoresed  on  10%  SDS 
gels  containing  1%  gelatin,  renaturated  in  2.5%  Triton  X-100  (v/v),  incubated  over¬ 
night  at  37  °C  and  stained  with  Coomassie  blue  R-250  to  visualize  enzymatic  activity 
(all  reagents  and  gels  from  Bio-Rad).  The  corresponding  bands  were  visualized, 
quantified,  normalized  by  MMP-2/MMP-9  standards  (Chemicon/Millipore,  Billerica, 
MA)  and  assessed  using  built-in  functions  of  NIH  ImageJ  software. 

2.8.  Statistical  analysis 

Statistical  significance  was  determined  for  replicates  of  5  by  an  independent 
Student  t- test  for  two  groups  of  data  or  analysis  of  variance  (ANOVA)  followed  by 
Bonferroni’s  post-hoc  test  for  multiple  comparisons  using  SPSS  statistical  software 
package  Version  16.0  (SPSS  Inc.  Chicago,  USA).  Data  are  represented  as  mean- 
±  standard  deviation  (SD). 
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3.  Results 

3.2.  Cellular  alignment  and  elongation  in  micropatterned  cell-laden 
3D  hydrogels 

Previous  studies  have  reported  that  fibroblasts  encapsulated  in 
macroscale,  partially  constrained  collagen  gels  self-organized  along 
local  tension  lines  [35]  and  more  importantly,  elongated  along  free 
boundaries  [36].  From  those  and  previous  2D  studies  from  our  group 
describing  the  behavior  of  cell  alignment  on  grooved  surfaces  [16,17  ] 
and  microfibers  [18]  we  hypothesized  that  by  controlling  the 
microgeometry  of  cell-responsive,  cell-laden  3D  hydrogels  we  could 
induce  controlled  cellular  organization  leading  to  aligned,  3D 
microconstructs  achieved  solely  through  micropatterned  geometric 
restriction  without  the  need  to  apply  additional  stimuli. 

In  the  present  study,  we  encapsulated  3T3-fibroblasts  at  a  cell 
density  of  10  x  106  cells/mL  in  150  pm  tall  GelMA  microconstructs 
of  varying  widths  using  a  photolithographic  technique.  Multiple 
parallel  microconstructs  of  a  defined  width  surrounded  by  a  1  mm 
border  to  serve  as  an  unpatterned  control  were  created  using 
a  1  cm  x  1  cm  mask  (Fig.  1  A).  A  GelMA  macromer  concentration  of 
5%  (w/v)  with  a  methacrylation  degree  of  roughly  80%  was  chosen 
because  of  its  robust  mechanical  stiffness  and  decreased  mass 
swelling  ratio  despite  short  UV  exposure  making  it  suitable  for 
micropatterning  intricate  cell-laden  shapes,  while  maintaining  cell 
viability  [28].  In  addition,  comparable  GelMA  macromer  concen¬ 
trations  have  demonstrated  rapid  and  extensive  cellular  prolifera¬ 
tion,  remodeling  and  reorganization  in  3D  [28],  while  viability  has 
been  shown  to  decrease  with  macromer  concentration  in  other, 
similar  hydrogel  systems  [37,38], 

Similiarly  to  previous  studies,  the  micropatterned  hydrogels 
showed  high  pattern  fidelity  and  high  initial  cell  viability  of  encap¬ 
sulated  fibroblasts  in  both  patterned  and  unpatterned  cell-laden 
hydrogels  (data  not  shown)  [27,28].  After  24  h  of  culture  the  313- 
fibroblasts  started  to  actively  elongate  and  proliferate  inside  the 
GelMA  hydrogels,  completely  filling  the  hydrogels  with  cells  by  day  5 
of  culture  (Fig.  1 B).  While  the  cellular  orientation  remained  random  in 
the  unpatterned  hydrogels,  fibroblasts  significantly  self-organized 
into  highly  aligned  microconstructs  consisting  of  elongated,  aligned 
cells  in  the  micropatterned  hydrogels.  Cellular  orientation  followed 
the  major  axis  of  the  rectangular  microconstructs  demonstrating  that 


this  behavior  could  be  directed.  Though  at  early  time  points,  align¬ 
ment  was  largely  limited  to  the  fibroblasts  closest  to  the  edge  surfaces 
of  the  micropatterns,  this  effect  quickly  spread  throughout  the  entire 
construct  within  4—5  days.  In  addition  to  these  qualitative  observa¬ 
tion,  quantitative  analysis  of  nuclear  alignment  at  different  heights  of 
the  microconstructs,  showing  roughly  60%  of  aligned  cells  (Fig.  2), 
supported  the  assertion  that  similar  and  significant  cell  elongation 
and  alignment  was  occurring  throughout  the  entire  thickness  of  the 
patterned  microconstructs,  making  it  a  controlled  3D  phenomenon. 
Using  lower  initial  cell  densities  for  encapsulation  or  higher  GelMA 
macromer  concentrations  to  generate  micropatterned  cell-laden  3D 
hydrogels  showed  similar  cellular  orientation  and  cellular  elongation 
phenomena,  however  the  time  needed  to  create  hydrogels  that  were 
completely  filled  with  elongated  and  aligned  cells  was  increased  (data 
not  shown).  Therefore,  the  data  suggest  that  the  elongation  and 
alignment  responses  could  be  controlled  and  directed  through  opti¬ 
mization  of  the  cell  and  hydrogel  concentrations  and  culture  time. 

3.2.  Effect  of  microgeometry 

Quantitative  analysis  of  cellular  alignment  and  elongation  in 
cell-laden  hydrogels  following  5  days  of  culture  revealed  a  strong 
influence  of  the  microgeometry  on  3D  cellular  organization.  We 
varied  the  width  of  the  patterned  rectangular  microconstructs  from 
50  pm  to  200  pm,  while  maintaining  the  same  height  and  length  for 
all  microconstructs  as  shown  above.  The  nuclear  alignment  and 
shape  index  were  measured  using  NIH  ImageJ  software  to  quanti¬ 
tatively  evaluate  overall  cell  alignment  and  elongation  as  previ¬ 
ously  demonstrated  [29,30].  All  cells  whose  nuclei  were  within  10° 
of  the  preferred  nuclear  orientation  were  considered  to  be  aligned 
as  previously  described  [31]. 

Statistical  analysis  demonstrated  that  controlling  the  width  of 
the  constructs  using  micropatterning  significantly  increased  cell 
alignment  (Fig.  3).  In  50  pm  wide  microconstructs,  64  ±8%  of  the 
cells  were  aligned  (Fig.  3A),  with  roughly  90%  of  the  cells  aligned 
within  20°  of  the  preferred  nuclear  orientation  (Fig.  3F).  Increasing 
the  width  of  the  micropatterns  to  100  pm  or  200  pm  decreased  the 
alignment  to  40  ±  6%,  and  31  ±  8%  of  the  cells,  respectively  (Fig.  3A). 
While  cellular  alignment  in  the  50  pm  wide  microconstructs  was 
significantly  greater  than  all  other  conditions  (p  <  0.001),  the 
100  pm  wide  microconstructs  also  showed  a  significant  difference 


Day  3 


Day  5 


B  Day  1 


Fig.  1.  Cell  morphology  and  organization  as  a  function  of  time  in  patterned  and  unpatterned  microconstructs.  Patterning  3T3-fibroblast-laden  5%  GelMA  hydrogels  into  high  aspect 
ratio  rectangular  microconstructs  (50  pm  (w)  x  800  pm  (1)  x  150  pm  (h))  induced  cellular  alignment  and  elongation,  while  cellular  orientation  in  unpatterned  hydrogels  remained 
random.  (A)  Rhodamine  B  stained  GelMA  hydrogel  construct  shows  the  patterned  and  unpatterned  regions.  (B)  Representative  phase  contrast  images  of  3T3-fibroblasts  (10  x  106 
cells/mL)  encapsulated  in  patterned  (top  row)  and  unpatterned  regions  of  the  GelMA  hydrogel  (bottom  row)  on  days  1, 3  and  5  of  culture  show  that  elongation  increases  over  time 
for  all  hydrogels,  while  alignment  is  only  induced  in  patterned  constructs. 
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Fig.  2.  Multilayer  analysis  of  cell  alignment.  Cellular  alignment  in  3T3-fibroblast-laden  5%  GelMA  hydrogels  patterned  into  high  aspect  ratio  rectangular  microconstructs  (50  pm 
(w)  x  800  pm  (1)  x  150  pm  (h))  was  maintained  throughout  the  entire  height  of  the  construct.  (A)  Representative  DAPI/F-actin  stained  3D-projection  (50  pm  z-stack)  of  a  3T3-laden 
rectangular  microconstruct  after  5  days  of  culture.  (B)  Three  DAPI  and  F-actin  stained  xy-planes  from  the  microconstruct  (distance:  10  pm  in  z-plane)  with  corresponding 
histograms  ((C),  (D)  and  (E)  respectively)  showing  the  nuclear  alignment  in  10°  increments  relative  to  the  preferred  nuclear  orientation  of  each  individual  plane  demonstrates 
similar  alignment  along  the  major  axis  throughout  the  thickness  of  the  constructs. 


from  the  unpatterned  hydrogels  (p  <  0.01 ).  In  contrast  the  200  pm 
wide  microconstructs  did  not  show  significant  alignment.  Cells  in 
unpatterned  hydrogels  displayed  random  orientation  with  only 
19  ±9%  of  the  cells  being  within  10°  of  the  mean  nuclear  orienta¬ 
tion  of  the  construct  (Fig.  3A).  One-way  ANOVA  analysis  confirmed 
that  there  was  a  main  effect  of  the  micropattern  width  in  driving 
cell  alignment  (p  <  0.001 ).  With  increasing  feature  size  only  cells  in 
close  proximity  to  the  perimeter  or  surface  appeared  to  align  along 
the  long-axis  of  the  micropatterns,  while  random  organization 
dominated  away  from  the  edge  surfaces  as  the  microconstruct 
width  increased  (Fig.  3G-J).  Histograms  of  cellular  alignment 
angles  displaying  the  relative  percentages  of  cells  within  10° 
increments  further  demonstrated  that  relative  alignment 
decreased  with  increasing  width  (Fig.  3C— F). 

Generally,  cell  alignment  inside  the  hydrogel  correlated  well 
with  nuclear  elongation.  The  nuclei  of  cells  inside  the  50  pm  wide 
rectangular  microconstructs  were  the  most  elongated,  with  the 
lowest  mean  nuclear  shape  index  of  0.807  ±  0.02,  as  compared  to 
all  other  groups  (p  <  0.01 )  (Fig.  3B).  The  100  pm  wide  micropatterns 
displayed  a  mean  nuclear  shape  index  of  0.869  ±  0.03,  while  the 
200  pm  wide  micropatterns  displayed  a  mean  nuclear  shape  index 
of  0.917  ±  0.02  and  the  unpatterned  hydrogels  a  mean  nuclear 
shape  index  of  0.923  ±  0.03  (Fig.  3B).  Similar  to  the  cellular  align¬ 
ment  behavior,  the  100  pm  wide  microconstructs  showed  a  signif¬ 
icant  decrease  in  the  nuclear  shape  index  as  compared  to 
unpatterned  hydrogels  (p  <  0.05)  while  the  200  pm  wide  micro¬ 
patterns  failed  to  show  a  significant  difference  compared  to  the 
unpatterned  controls  (Fig.  3B).  Also  similar  to  the  behavior  seen  in 
the  cell  alignment  analysis,  one-way  ANOVA  revealed  a  main  effect 
of  the  micropatterns’  width  in  driving  cell  elongation  (p  <  0.001 ). 

3.3.  Effect  of  MMP  activity 

Matrix  metalloproteinases  (MMPs)  are  ECM-specific  enzymes 
used  by  fibroblasts,  and  many  other  cells,  to  adapt  to  changes  in 
their  microenvironment  through  ECM  remodeling.  During  the 
remodeling  processes  cell  elongation  and  locomotion  occurs, 
partially  due  to  generation  of  traction  forces  through  actin  cell 
cytoskeleton  reorganization  [39].  Since  this  cell-generated  tension 
is  hypothesized  to  drive  the  spatial  orientation  and  morphology  of 
cells  embedded  in  gels  [35],  we  inhibited  MMP  activity  with  400  gM 
doxycycline,  as  previously  described  [32,33],  to  determine  the 
effect  of  ECM  remodeling  via  MMP  activity  on  3D  cellular  alignment 


and  elongation  of  3T3-fibroblasts  encapsulated  in  50  pm  wide 
GelMA  microconstructs.  To  verify  the  inhibition,  MMP-2  and  MMP- 
9  activity  in  the  media  of  microconstructs  both  with  and  without 
supplementation  was  determined  after  48  h  culture  via  gelatin 
zymography  (Fig.  4A).  Normalizing  the  band  intensity  of  each 
sample  to  that  of  the  unsupplemented  media,  MMP-2  activity 
decreased  by  38  ±  10%  and  MMP-9  activity  decreased  by  22  ±  6%  in 
the  doxycycline  supplemented  media  (p  <  0.001)  (Fig.  4B). 

MMP  inhibition  considerably  decreased  cellular  alignment 
inside  the  patterned  rectangular  microconstructs  (p  <  0.001 ).  Only 
29  ±  7%  of  the  cells  were  aligned  within  10°  of  the  preferred  orien¬ 
tation,  showing  no  significant  difference  as  compared  to  the 
unpatterned  hydrogels  that  were  either  doxycycline  treated 
(19  ±  7%)  or  untreated  (19  ±  9%)  (Fig.  4C).  Upon  closer  analysis  there 
still  appeared  to  be  a  trend  toward  increased  cellular  alignment 
despite  MMP  inhibition  with  54%  ±15%  of  the  nuclei  oriented  within 
20°,  but  not  10°,  of  the  preferred  orientation  in  micropatterned 
constructs  as  compared  to  only  31%  ±  7%  of  alignment  within  20°  of 
the  unpatterned  hydrogels  (p  <  0.05)  (Fig.  4E— F).  Analysis  of  vari¬ 
ance  by  two-way  ANOVA  revealed  a  main  effect  of  micropatterning, 
as  well  as  MMP  inhibition  and  an  interaction  between  both,  in 
driving  the  alignment  (p  <  0.001).  Similarly,  MMP  inhibition  raised 
the  mean  nuclear  shape  index  to  0.933  ±0.01  (p  <  0.001)  in  the 
micropatterned  hydrogels  and  to  0.960  ±  0.01  in  the  unpatterned 
hydrogels  decreasing  cellular  elongation  even  as  compared  to  the 
unpatterned  hydrogels  without  MMP  inhibition  (Fig.  4D). 

Interestingly,  there  was  a  significant  difference  in  cell  elongation 
(p  <  0.05)  between  the  patterned  and  unpatterned  hydrogels  sup¬ 
plemented  with  doxycycline.  This  suggested  that  microscale  control 
of  micropattern  width  still  enhanced  cellular  elongation,  although  to 
a  lesser  degree,  even  in  the  presence  of  MMP  inhibition.  This  was 
confirmed  by  analysis  of  variance  by  two-way  ANOVA  revealing 
a  main  effect  of  the  micropatterning,  in  addition  to  the  MMP  inhi¬ 
bition  and  an  interaction  between  the  two  conditions,  in  driving  the 
elongation  (p  <  0.001 ).  These  findings  suggest  that  ECM  remodeling 
via  MMP  activity  plays  an  important  role  in  cellular  alignment  and 
elongation  of  the  micropatterned  fibroblast-laden  3D  hydrogels. 

3.4.  Effect  of  cell  type 

To  assess  if  this  simple  3D  alignment  method  is  applicable  for 
engineering  a  variety  of  tissues,  we  evaluated  the  capacity  to  induce 
cellular  alignment  and  enhance  cellular  elongation  in  different  cell 
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Fig.  3.  Cell  elongation  and  alignment  as  a  function  of  microconstruct  width.  Decreasing  the  width  of  patterned  rectangular  5%  GelMA  microstructures  (800  pm  (1)  x  150  pm  (h)) 
increased  3T3-fibroblast  alignment  as  well  as  nuclear  elongation  after  5  days  of  culture.  (A)  Mean  percentage  of  aligned  cell  nuclei  (within  10°  of  preferred  nuclear  orientation) 
shows  100  pm  constructs  were  significantly  more  aligned  than  unpatterned  controls,  while  50  pm  constructs  were  significantly  more  aligned  than  all  other  groups.  (B)  Mean 
nuclear  shape  index  (circularity  =  4*Tt*area/perimetei'2)  shows  a  similar  pattern  with  100  pm  constructs  having  a  significantly  lower  index  than  unpatterned  controls,  while  50  pm 
constructs  were  significantly  different  than  all  other  groups.  (C),  (D),  (E)  and  (F)  Histograms  of  the  relative  alignment  in  10'  increments  demonstrates  increased  cellular  alignment 
with  decreased  microconstruct  width.  (G),  (H),  (1)  and  (J)  Representative  phase  contrast  images  of  unpatterned,  200  pm,  100  pm  and  50  pm  wide  microconstructs  respectively  show 
significantly  increased  cell  alignment  and  elongation  inside  the  constructs  with  decreasing  width.  (Error  bars:  ±  SD;  ***p  <  0.001;  **p  <  0.01;  *p  <  0.01). 


types.  Human  umbilical  vein  endothelial  cells  (HUVEC)  were 
chosen  as  a  model  cell  type  for  the  potential  applications  in  vas¬ 
cularized  tissue  engineering,  rodent  myoblasts  (C2C12)  were 
investigated  for  potential  skeletal  muscle  tissue  engineering 
applications  and  rodent  cardiac  side  population  cells  (CSP)  were 
evaluated  for  myocardial  tissue  engineering  applications.  All  of 
these  potential  applications  demand  highly  elongated,  organized 
and  aligned  ECM-cell  constructs  to  mimic  the  complexly  organized 
microarchitecture  in  vivo.  Additionally  we  investigated  the  cellular 
behavior  of  encapsulated  human  liver  carcinoma  cells  (Hep-G2)  in 
micropatterned  hydrogels  as  a  control,  as  Hep-G2  cells,  in  contrast 
to  the  cell  types  above,  do  not  align  or  elongate  in  vivo  or  in  vitro.  All 
cell  types  were  encapsulated  in  5%  (w/v)  GelMA  hydrogels  and 
micropatterned  into  50  pm  wide  rectangular  microconstructs 
under  the  same  conditions  as  used  for  the  3T3-fibroblast  encap¬ 
sulation  studies.  Cell  viability  was  similar  to  the  encapsulated  313- 
fibroblasts  (data  not  shown). 


Quantitative  analysis  showed  a  significant  difference  in  both 
cellular  alignment  and  elongation  with  micropatterned  encapsu¬ 
lation  for  HUVEC,  C2C12  and  CSP  cells  as  compared  to  unpatterned 
cell-laden  hydrogels.  Staining  the  cell-laden  gels  for  F-actin 
(Fig.  5A— B)  revealed  highly  aligned,  elongated  and  interconnected 
cell  structures  for  the  HUVEC,  C2C12  and  CSP  cells  along  the  major 
axis  of  the  micropatterned  hydrogels.  Actin  fiber  intensity  and 
organization  appeared  to  be  substantially  reduced  in  the  unpat¬ 
terned  hydrogels,  being  confined  only  to  the  nuclei  located  near  the 
edges  of  the  hydrogels,  especially  for  the  C2C12  and  CSP  cells. 
Analysis  of  variance  by  two-way  ANOVA  revealed  that  both 
micropatterning  and  cell  type  had  a  significant  effect  on  cell 
alignment  and  elongation,  as  well  as  displaying  an  interactive  effect 
(p  <  0.001).  Cellular  orientation  in  the  unpatterned  hydrogels 
remained  random,  independent  of  cell  type,  with  approximately 
20%  of  the  cells  being  aligned  within  the  preferred  orientation.  In 
contrast,  micropatterned  constructs  showed  51  ±11%  alignment 
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Fig.  4.  Effect  of  MMP  inhibition  on  elongation  and  alignment  in  patterned  microconstructs.  General  MMP  inhibition  with  doxycycline  supplemented  media  (400  jiM)  for  4  days  of 
culture  decreased  nuclear  alignment  and  elongation  in  3T3-fibroblast-laden  5%  GelMA  hydrogels  patterned  into  high  aspect  ratio  rectangular  microconstructs  (50  pm  (w)  x  800  pm 
(1)  x  150  pm  (h))  and  showed  no  differences  to  unpatterned  hydrogels  with  and  without  MMP  inhibition.  (A)  Zymogram  showing  MMP-2  and  MMP-9  activity  in  culture  media  of 
cell-laden  micropatterned  hydrogels  compared  to  human  standard.  (B)  Normalized  MMP-2  and  MMP-9  activity  of  unsupplemented  and  supplemented  samples  demonstrates 
significant  decreases  in  MMP  expression  and  activity  with  inhibition.  (C)  Mean  cell  nuclei  alignment  (within  10°  of  preferred  nuclear  orientation)  shows  decreased  alignment  with 
MMP  inhibition.  (D)  Mean  nuclear  shape  index  (circularity  =  4*7i*area/perimeter2)  similarly  shows  decreased  cell  elongation  with  MMP  inhibition,  however  micropatterned 
constructs  show  significantly  greater  elongation  than  unpatterned  controls.  (E)  and  (F)  Histograms  showing  the  percentage  of  aligned  cell  nuclei  in  10°  increments,  with  repre¬ 
sentative  z-stack  overlays  of  DAPl/F-actin  staining  of  microconstructs  cultured  in  unsupplemented  and  supplemented  media  respectively.  (Error  bars:  ±  SD;  ***p  <  0.001 ;  *p  <  0.01 ). 


with  HUVEC  cells  ( p  <  0.001),  41  ±10%  alignment  with  C2C12  cells 
(p  <  0.001)  and  45  ±10%  alignment  with  CSP  cells  (p  <  0.001) 
(Fig.  5C).  Extending  the  range  of  preferred  nuclear  orientation  to 
within  20°  substantially  increased  the  percentage  of  aligned  cells  to 
77%  for  HUVEC  cells,  60%  for  C2C12  cells  and  63%  for  CSP  cells 
(histograms  not  shown).  The  mean  nuclear  shape  index  was 
determined  to  be  greater  than  0.920  for  all  three  cell  types  in 
unpatterned  hydrogels,  while  patterned  microconstructs  displayed 
a  mean  nuclear  shape  index  of  0.877  ±  0.02  for  HUVEC  cells 
(p  <  0.01 ),  0.834  ±  0.04  for  C2C12  cells  (p  <  0.01 )  and  0.820  ±  0.04 
for  CSP  cells  (p  <  0.01),  demonstrating  a  significant  increase  in 
cellular  elongation  in  the  micropatterned  hydrogels  (Fig.  5D). 

As  expected  Hep-G2  cells  failed  to  self-organize  into  aligned 
constructs  even  if  patterned  into  high  aspect  ratio  microconstructs 
(Fig.  5A— B).  There  was  no  significant  difference  between  the 
patterned  and  unpatterned  hydrogels  with  respect  to  cellular 
alignment  (19  ±7%  vs.  19  ±4%  respectively)  or  cellular  elongation 
(0.941  ±0.01  vs.  0.938  ±  0.01  respectively)  (Fig.  5C— D).  DAP1  and  F- 
actin  staining  showed  Hep-G2  cells  forming  cell  clusters  of  multiple 


cell  nuclei  independent  of  the  microgeometry.  These  data 
confirmed  our  initial  hypothesis  that  an  intrinsic  potential  to 
organize  into  aligned  tissues  in  vivo  is  a  necessary  prerequisite  to 
induce  cellular  alignment  and  enhance  cellular  elongation  when 
stimulated  by  specific  microgeometrical  features. 

3.5.  Self-assembled  and  aligned  3D  tissue  constructs 

Interestingly,  it  was  observed  that  cell-laden  microconstructs 
appeared  to  increase  in  width  with  increasing  culture  time.  We 
quantitatively  evaluated  this  phenomenon  for  3T3-fibroblasts 
encapsulated  in  50  pm  wide  microconstructs  (Fig.  6).  To  account  for 
swelling,  the  rectangular  microconstructs  were  allowed  to  reach 
equilibrium  over  the  first  24  h  of  culture  [28],  after  which  the  mean 
construct  width  of  multiple  replicates  was  recorded  every  24  h  and 
measured  using  NIH  ImageJ  software.  After  4  days  of  culture  the 
mean  construct  width  increased  roughly  by  40  pm  from  day  1 
(p  <  0.001)  (Fig.  6A).  Qualitative  analysis  of  the  resulting  images 
suggested  that  this  phenomenon  was  due  to  cell  proliferation,  as 
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Fig.  5.  Control  of  cell  elongation  and  alignment  in  multiple  cell  types.  Patterning  cell-laden  5%  GelMA  hydrogels  into  rectangular  microconstructs  (50  pm  (w)  x  800  pm  (1)  x  150  pm 
(h))  induced  cellular  alignment  and  elongation  after  5  days  of  culture  only  in  cell  types  possessing  an  intrinsic  potential  to  organize  into  aligned  tissues  in  vivo,  while  cellular 
orientation  in  unpatterned  parts  of  the  same  hydrogels  remained  random.  Representative  z-stack  overlays  of  DAPl/F-actin  staining  of  (A)  patterned  and  (B)  unpatterned  hydrogels 
laden  with  HUVEC,  C2C12,  CSP,  and  Hep-G2  cells  respectively  show  patterning  induced  aligned  and  elongated  cell-network  formations  in  HUVEC,  C2C12  and  CSP  cells  and 
patterning  independent  cell-cluster  formations  in  Hep-G2  cells.  (C)  Mean  percentage  of  aligned  cell  nuclei  (within  10°  of  preferred  nuclear  orientation)  shows  that  patterned 
HUVEC-,  C2C12-  and  CSP-laden  constructs  were  significantly  more  aligned  than  unpatterned  controls,  while  in  Hep-G2-laden  constructs  patterning  failed  to  induce  cell  alignment. 
(D)  Mean  nuclear  shape  index  (circularity  4*“'arca/penmeter2)  similarly  shows  that  patterned  HUVEC-,  C2C12-  and  CSP-laden  constructs  were  significantly  more  elongated  than 
unpatterned  controls,  while  in  Hep-G2-laden  constructs  patterning  failed  to  induce  cell  elongation.  (Error  bars:  ±  SD;  **p  <  0.01;  ***p  <  0.001). 


over  time  the  3T3-fibroblast  laden  microconstructs  showed 
increased  cellularity  on  the  microconstruct  edges  while  maintain¬ 
ing  the  cellularity  and  cell  morphology  inside  the  construct. 

Based  on  this  observation,  we  hypothesized  that  by  reducing  the 
spacing  between  cell-laden  microconstructs,  that  this  expansion 
could  lead  to  microconstructs  contacting  and  merging  together, 
yielding  a  macroscale  aligned  tissue.  We  further  hypothesized  that, 
given  sufficient  time,  close  enough  proximity  and  through  control 
of  micro-  and  macroscale  geometry,  the  result  would  be  self- 
assembled  and  aligned  3D  tissue  constructs  of  user-defined  shape 
and  size.  When  multiple  50  pm  wide  3T3-fibroblast-laden  micro¬ 
constructs  were  cultured  200  pm  apart,  regions  of  microconstructs 
began  merging  together  by  day  4  of  culture,  forming  points  of 
contact  between  neighboring  constructs  (Fig.  7A,  red  arrows).  By 
day  7  of  culture  all  the  micropatterns  had  converged  together  into 
a  macroscale  tissue  construct  of  roughly  1  cm2  (Fig.  7B).  While  the 
initial  rectangular  micropatterns  could  still  be  distinguished  as 
aligned  micropillars  within  the  tissue  construct,  the  space  that 
originally  existed  between  the  microconstructs  was  now  fully  filled 
with  an  organized  cellular  network.  F-actin  staining  of  the  whole 
tissue  construct  showed  actin  fiber  orientation  in  single  direction, 


aligned  along  the  long-axis  of  the  original  micropatterns 
throughout  the  entire  construct  (Fig.  7C).  Fiber  alignment  was  not 
only  restricted  to  the  micropillars  but  was  also  displayed  by  the 
majority  of  the  newly  formed  cellular  networks  between  the 
micropillars  throughout  the  entire  thickness  of  the  tissue  construct. 
Therefore,  we  demonstrated,  by  simply  varying  the  spacing  of 
parallel  microconstructs,  we  were  able  to  create  customized, 
macroscale,  cell-laden  3D  hydrogels  with  controlled  cellular 
alignment  and  elongation  in  all  three  dimensions. 

4.  Discussion 

Engineered  tissues  designed  to  mimic  native  tissues  must 
recreate  the  complex  3D  cellular  distribution  and  organization 
found  in  vivo,  while  maintaining  the  cell  viability  and  function  of 
the  emulated  tissues.  While  we,  and  others,  have  demonstrated  the 
ability  to  control  cell  behavior  on  patterned  2D  surfaces  [14—18], 
controlling  cellular  organization  in  3D  tissue  models  still  remains 
a  challenge.  Here  we  present  a  novel,  robust  method  to  control 
cellular  alignment  and  elongation  of  cells  encapsulated  in  cell- 
responsive,  3D  hydrogels  solely  by  specific  control  of  the  hydrogel 
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Fig.  6.  Microconstruct  width  as  a  function  of  time  in  patterned  cell-laden  hydrogels.  3T3-fibroblast-laden  5%  GelMA  hydrogels  patterned  into  rectangular  microconstructs  (50  pm 
(w)  x  800  pm  (1)  x  150  pm  (h))  increased  in  width  after  initial  swelling  due  to  cell  proliferation.  (A)  Mean  microconstruct  width  at  each  culture  day  after  initial  24  h  swelling  period 
shows  increase  in  feature  size.  (B)  Rhodamine  B  stained  hydrogel  construct  demonstrates  the  initial  micropattern  width  of  50  pm  directly  after  patterning.  (C)  and  (D)  Repre¬ 
sentative  phase  contrast  images  of  a  single  microconstruct  at  day  1  and  5  respectively  show  increase  in  feature  size  due  to  cell  proliferation.  (Error  bars:  ±  SD;  ***p  <  0.001). 


geometry  and  without  the  need  for  any  external  stimuli  or  guid¬ 
ance.  This  work  represents  a  significant  step  forward  in  our  ability 
to  create  functional  tissues  in  vitro,  enabling  simple  and  direct 
microscale  control  of  3D  cellular  organization,  while  also  providing 
a  powerful  model  system  for  investigating  cell  and  tissue 
morphogenesis  in  vitro. 

External  stimuli,  e.g.  mechanical  stretch  [19—21],  electrical 
impulse  [22—24]  and  flow-induced  shear  stress  [40,41],  have  been 
previously  demonstrated  to  induce  cellular  alignment  in  3D  cell¬ 
laden  scaffold  materials.  However,  this  often  requires  elaborate, 
macroscale  stimulation  systems,  which  could  potentially  have 
limited  control  of  cellular  organization  on  the  microscale.  Other 
attempts  to  control  cellular  organization  in  3D  microenvironments 
without  external  stimuli  have  been  reported  previously  by  using 
laser  photolithography  to  pattern  biomolecules  in  3D  hydrogels 
creating  predefined  pathways  for  cell  migration  [42,43].  The  focus 
and  intensity  of  the  laser  are  the  limiting  factors  in  the  spatial 
resolution  of  biomolecule  distribution  making  this  method 
unsuitable  for  the  creation  of  complex  functional  tissues.  A  recent 
method  using  a  highly  focused  two-photon  laser  (TPL)  beam  to 
micropattern  cell  adhesive  ligands  (RGDS)  in  3D  scaffolds  allows  for 
greater  control  over  spatial  RGDS  distribution  [44].  The  TPL 
photolithographic  technique,  however,  has  a  very  low  RGDS  to 


hydrogel  conjugation  efficiency  and  the  optimal  RGDS  concentra¬ 
tions  for  directed  cell  locomotion  still  need  to  be  determined. 

Although  bioactive  hydrogels  have  shown  the  ability  to  guide 
cell  migration,  it  has  yet  to  be  demonstrated  that  this  method  can 
be  used  to  create  complex  and  organized  functional  tissues. 
Norman  and  Desai  introduced  a  method  to  control  cellular  align¬ 
ment  in  cell-laden  3D  hydrogels  using  a  physically  predefined 
pathway  [25].  Using  microfabrication  techniques  a  fibroblast- 
seeded  collagen  matrix  was  molded  around  parallel  poly- 
dimethylsiloxane  (PDMS)  channels  that  served  as  an  internal 
skeleton  to  guide  the  cells  to  grow  in  a  prescribed  3D  pattern.  In 
their  study,  the  fibroblasts  elongated  and  organized  along  the 
direction  of  the  channels  throughout  the  height  of  the  scaffold. 
However,  the  applicability  for  tissue  engineering  applications  of  the 
described  system  could  be  limited  due  to  the  presence  and 
persistence  of  the  internal  PDMS  skeleton,  as  well  as  the  limited 
feature  thickness  commonly  associated  with  PDMS  micromolding. 

In  this  work,  we  demonstrated  that  cells  encapsulated  in  cell- 
responsive,  microengineered  hydrogels  could  self-organize 
without  additional  support  or  guidance  into  highly  aligned  3D 
cellular  networks  solely  through  confinement  in  the  appropriate 
microgeometrical  conditions.  This  technique  does  not  require 
external  physical  stimuli  or  predefined  pathways  inside  the 
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Fig.  7.  Self-assembly  of  multiple  aligned  microconstructs  into  a  macroscale  and  aligned  3D  tissue  construct.  3T3-fibroblast-laden  5%  GelMA  hydrogels  patterned  into  rectangular 
microconstructs  (50  pm  (w)  x  800  pm  (1)  x  150  pm  (h))  spaced  200  pm  apart  self-assembled  into  macroscale  and  aligned  3D  tissue  constructs  after  7  days  of  culture  through 
convergence  of  multiple,  aligned  microconstructs.  (A)  Rhodamine  B  stained  hydrogel  shows  initial  microconstruct  spacing  of  200  pm  at  day  0;  representative  phase  contrast  images 
of  cell-laden  microconstructs  at  day  1, 4  and  7  respectively  show  focal  points  of  contact  between  neighboring  aligned  microconstructs  at  day  4  (red  arrows)  and  convergence  into 
a  macroscale  3D  tissue  construct  at  day  7.  (B)  Image  of  a  1  cm  x  1  cm,  self-assembled  3D  tissue  construct  at  day  7.  (C)  Representative  F-Actin  staining  of  middle  xy-plane  of 
macroscale  3D  tissue  construct  shows  orientated  actin  fiber  organization  in  single  direction. 


hydrogel.  Therefore,  this  approach  presents  the  first  simple  and 
direct  method  to  create  highly  aligned,  engineered  microtissues 
through  the  elegant  exploitation  of  the  cells’  intrinsic  potential  to 
self-organize  into  functional  3D  tissues  in  a  suitable  micro- 
architectural  environment.  The  intrinsic  cellular  potential  to  orga¬ 
nize  into  aligned  tissues  in  vivo  was  demonstrated  to  be  a  necessary 
prerequisite  to  alignment  in  this  system,  as  evidenced  by  the 
behavior  of  Hep-G2  cells  encapsulated  in  micropatterned  hydro¬ 
gels.  These  data  suggest  that  confined  3D  microarchitectures  do  not 
induce  cellular  alignment  and  elongation  per  se,  but  only  do  so  in 
cell  types  which  exist  in  elongated  and  aligned  arrangements  in 
vivo.  Raghavan  et  al.  recently  showed  that  endothelial  tubulo- 
genesis  could  be  controlled  through  spatially  patterning  endothe¬ 
lial  cells  within  micromolded  collagen  gels  using  similar  feature 
sizes  as  the  micropatterns  presented  in  this  study  [45],  further 
suggesting  that  increased  cellular  alignment  and  elongation  of  cells 
embedded  in  defined  microarchitectures  also  enhances  organiza¬ 
tion  into  complex,  functional  networks. 

The  presented  data  demonstrated  that  one  of  the  key  mecha¬ 
nisms  required  for  cells  to  align  in  this  system  was  ECM  remodeling 
via  MMP-2  and  MMP-9  expression.  This  further  confirms  our 
previous  findings  that  increased  MMP-2  expression,  and  especially 
activation,  improved  cardiomyocyte  alignment  and  elongation  in 


unpatterned  engineered  myocardial  constructs  [33].  It  has  addi¬ 
tionally  been  shown  previously  that  inhibiting  the  MMP  activity  of 
fibroblasts  encapsulated  in  collagen  gels  correlates  with  a  signifi¬ 
cant  reduction  in  collagen  gel  contraction  without  affecting  the 
maximum  tension  generated  by  the  cells  respective  to  MMP 
activity  [46],  This,  combined  with  our  data  showing  that  MMP 
inhibition  significantly  reduces  cellular  alignment  of  encapsulated 
fibroblasts,  further  suggests  that  cell-generated  traction  forces 
work  in  conjunction  with  MMP-mediated  ECM  remodeling  in 
controlling  the  cellular  alignment.  More  in  depth  investigation 
using  this  system  could  potentially  increase  our  knowledge  about 
complex  cell  interaction  and  organization  within  3D  cell  pop¬ 
ulations  in  well-defined  microarchitectures. 

In  this  study,  cellular  alignment  correlated  strongly  with 
a  significant  increase  in  cell  elongation.  The  described  results 
analyzed  nuclear  elongation  and  alignment  as  a  method  to 
demonstrate  overall  cellular  morphology.  Nuclear  elongation  has 
been  demonstrated  to  correlate  with  cell  differentiation  [30]  as  the 
cell  shape  formed  by  cytoskeletal  assembly  also  facilitates  nuclear 
shape  distortion.  Elongated  nuclei  have  been  shown  to  promote 
DNA  synthesis  and  influence  nucleocytoplasmatic  transport  rates, 
hence  improving  cellular  function  [47,48],  Lee  et  al.  recently 
demonstrated  that  human  embryonic  stem  cells  can  be  driven  to 
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differentiate  selectively  into  a  neuronal  lineage  on  nanoscale  ridge/ 
groove  patterns  without  the  use  of  any  differentiation  inducing 
agents  [49].  As  additional  studies  have  showed  a  similar  effect  of 
control  of  2D  alignment  of  stem  cells  promoting  specific  cellular 
differentiation  in  stem  cell  systems  [50—54],  we  hypothesize  that 
the  cell-laden  hydrogels  with  well-defined  microgeometries  pre¬ 
sented  in  this  study  might  be  used  to  control  differentiation  within 
a  3D  stem  cell  population  and  to  further  investigate  the  underlying 
differentiation  mechanisms. 

The  presented  system  demonstrated  the  potential  to  engineer 
macroscale  3D  tissue  constructs  of  user-defined  size  and  shape 
with  microscale  control  of  cellular  elongation  and  alignment 
through  convergence  of  multiple,  aligned  microconstructs.  Varying 
the  3D  geometry  and  assembling  multiple,  aligned  3D  building 
blocks  of  equal,  different  or  combined  cell  types  in  a  “bottom  up” 
approach  offers  further  possibilities  to  mimic  the  microarchitecture 
of  complexly  organized  functional  tissues  [55],  When  combined 
with  the  demonstrated  applicability  to  many  different  cell  types, 
the  described  techniques  could  have  great  potential  for  in  vitro 
engineering  of  tissues  requiring  a  high  degree  of  cellular  alignment 
and  anisotropic  function  such  as  cardiac,  nervous,  musculoskeletal 
and  vascular  tissues. 

5.  Conclusions 

In  this  study  we  presented  a  simple  and  direct  method  for 
microscale  control  of  cellular  alignment  and  elongation  for  cells 
encapsulated  in  cell-responsive,  3D  hydrogels  solely  through 
specific  control  of  the  hydrogel  geometry.  This  was  achieved  by 
exploiting  the  cells’  innate  tendency  both  to  align  along  free 
surfaces  and  to  align  with  neighboring  cells.  In  addition,  this  was 
done  without  the  need  for  any  additional  external  physical  stimuli 
or  internal  guidance  systems.  Our  data  suggests  that  cells  pos¬ 
sessing  an  intrinsic  potential  to  organize  into  aligned  tissues  in  vivo 
also  can  be  directed  to  self-organize  into  aligned  tissue  constructs 
in  vitro  if  confined  in  suitable  3D  microarchitectures  via  ECM 
remodeling  through  MMP  activity.  This  simple  method  is  appli¬ 
cable  to  many  different  cell  types  giving  the  ability  to  create 
customized,  macroscale,  3D  tissue  constructs  with  microscale 
control  of  cellular  alignment  and  elongation.  This  represents 
a  significant  step  forward  in  our  ability  to  create  engineered  func¬ 
tional  tissues  in  vitro  with  specific  microarchitectural  features, 
while  also  providing  a  powerful  model  for  investigating  cell  and 
tissue  morphogenesis. 
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Figures  with  essential  color  discrimination.  All  of  the  figures  in 
this  article  have  parts  that  are  difficult  to  interpret  in  black  and 
white.  The  full  colour  images  can  be  found  in  the  on-line  version,  at 
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